Brain stimulation and imaging studies in humans have highlighted a key role for the prefrontal cortex in clinical depression; however, it remains unknown whether excitation or inhibition of prefrontal cortical neuronal activity is associated with antidepressant responses. Here, we examined cellular indicators of functional activity, including the immediate early genes (IEGs) zif268 (egr1), c-fos, and arc, in the prefrontal cortex of clinically depressed humans obtained postmortem. We also examined these genes in the ventral portion of the medial prefrontal cortex (mPFC) of mice after chronic social defeat stress, a mouse model of depression. In addition, we used viral vectors to overexpress channel rhodopsin 2 (a light-activated cation channel) in mouse mPFC to optogenetically drive "burst" patterns of cortical firing in vivo and examine the behavioral consequences. Prefrontal cortical tissue derived from clinically depressed humans displayed significant reductions in IEG expression, consistent with a deficit in neuronal activity within this brain region. Mice subjected to chronic social defeat stress exhibited similar reductions in levels of IEG expression in mPFC. Interestingly, some of these changes were not observed in defeated mice that escape the deleterious consequences of the stress, i.e., resilient animals. In those mice that expressed a strong depressive-like phenotype, i.e., susceptible animals, optogenetic stimulation of mPFC exerted potent antidepressant-like effects, without affecting general locomotor activity, anxiety-like behaviors, or social memory. These results indicate that the activity of the mPFC is a key determinant of depression-like behavior, as well as antidepressant responses.
Introduction
Altered functional activity within the medial and anterior regions of the prefrontal cortex is thought to be important for mediating key symptoms of depression (Manji et al., 2001; Keedwell et al., 2005; Krishnan and Nestler, 2008 ). Brain imaging studies of depressed patients have suggested both increases and decreases in cortical activity, with a notable decrease occurring in response to negative-valence stimuli, abnormalities that are restored after successful antidepressant treatment (Mayberg, 2003; Fales et al., 2008) . In cases where conventional antidepressants fail, stimulation of the anterior cingulate region of prefrontal cortex can be highly effective (Mayberg et al., 2005; Nahas et al., 2010) . These results support the hypothesis that aspects of human depression are mediated through prefrontal cortical mechanisms.
Exposure of rodents to stress can modify the activity, transcriptional state, and morphological profile of neurons within the medial prefrontal cortex (mPFC) (Nikulina et al., 2004; Liston et al., 2006; Czéh et al., 2007; Radley et al., 2008; Dias-Ferreira et al., 2009) . Notably, a long-lasting decrease in the functional activity of the ventral portion of the mPFC was inferred by reduced expression of the immediate early gene (IEG) zif268 (also known as egr1) following brief bouts of social defeat stress (Covington et al., 2005) . These findings are consistent with the observation that mPFC lesions induce hyper-sensitive stress responses and deficits in fear extinction (Holson, 1986; Silva et al., 1986; Diorio et al., 1993; Milad and Quirk, 2002) . Stress-induced mPFC changes in activity may therefore underlie depression-related behaviors.
Utilizing postmortem human brain tissue obtained from the medial portion of anterior cingulate cortex of clinically depressed humans, we investigated here the functional activity of this brain region, as inferred from measurements of zif268 and two other IEGs, c-fos and arc (Dragunow and Faull, 1989; Dragunow, 1996; Bramham et al., 2008) . We also studied the ventral region of the mPFC of mice following chronic social defeat stress, an animal model of depression Tsankova et al., 2006; Rygula et al., 2008; Covington et al., 2009) . Rodent ventral mPFC, like primate anterior cingulate cortex, is critically involved in the regulation of emotional behavior (Vogt et al., 1992; Barbas, 1995; Heidbreder and Groenewegen, 2003) . We examined IEG expres-sion to gain insight into the effect of chronic stress on cortical mechanisms in mice that exhibit the deleterious effects of stress ("susceptible" mice) or those that escape these deleterious effects ("unsusceptible" or resilient mice) . Then, to directly determine the role of prefrontal cortical activity in depressive-like behaviors, we stimulated the mPFC of susceptible mice using viral-mediated expression of channel rhodopsin 2 (ChR2), a blue-light-sensitive cation channel (Adamantidis et al., 2007; Zhang et al., 2007; Airan et al., 2009; Lobo et al., 2010) . A pattern of laser stimulation was delivered to mimic cortical burst firing reported in vitro (Yang et al., 1996) . We hypothesized that mPFC stimulation would generate antidepressant-like behavioral responses in susceptible mice subjected to chronic social defeat stress.
Materials and Methods

Experimental procedure Mice
Nine-to 10-week-old C57BL/6J male mice (Jackson Laboratories) were used for all mouse experiments. Two days before the beginning of experiments, all mice were singly housed and continued on a 12 h light/dark cycle with ad libitum food and water access. Behavioral assessments and tissue collection were conducted 1 h after the start of the animals' dark phase. Mouse procedures were conducted in accordance with the Institutional Animal Care and Use Committee guidelines of Mount Sinai School of Medicine.
Behavioral assessments
Social interaction. Social interaction was performed as described previously Tsankova et al., 2006) . In brief, mice were placed within a novel arena with a small animal cage located at one end. Each socially stressed or control mouse's movement was monitored for 100 s during laser stimulation that was delivered in the absence of a CD1 mouse (open field behavior), followed by 100 s in the presence of a CD1 (social interaction behavior). Locomotor activity measurements (distance traveled) and information pertaining to the duration spent in the confines of the interaction zone was obtained using Ethovision 3.0 software.
Sucrose preference. Tubes (50 ml) containing stoppers fitted with ballpoint sipper tubes to prevent leakage (Ancare) were filled with solutions containing either 1% sucrose (in drinking water) or drinking water alone. All animals were acclimatized for 3 consecutive days to two-bottle choice conditions starting the day after surgery for prefrontal cortex viral infusion, before 1 additional day of choice testing (noon-noon), when experimental laser stimulation was conducted. Immediately before the 24 h test, fluid levels were noted and the positions of the tubes were interchanged. The blue laser was used to deliver 5 min of optogenetic stimulation, as described above, on two separate occasions during the dark (active) phase of the light-dark cycle. The first laser stimulation was delivered to mice 1 h after the onset of the dark phase and the second 6 h later. Sucrose preferences were calculated as the percentage of sucrose/ water consumed.
Social recognition test. Social memory was assessed during laser stimulation using a modified version of a social recognition test (Dluzen and Kreutzberg, 1993) . C57BL/6J mice were surgically prepared by viral infection of ChR2-mCherry-or mCherry-expressing vectors and fixation of guide cannula over the prefrontal cortex. Three days later, experimental mice were allowed to become familiar with another C57BL/6J mouse that was 1 week younger than the experimental mouse, by placing them into this younger mouse's home cage for 30 min on five separate occasions, each separated by 1 h. The following day, each experimental C57BL/6J mouse was allowed to interact with the familiar C57BL/6J mouse or a novel CD1 mouse, each located on separate ends of the arena behind a small animal cage (as described in the social interaction test) for 65 s.
Elevated plus maze. The elevated plus maze was designed using black Plexiglas fitted with white bottom surfaces to provide contrast, and tests were conducted as previously described (Monteggia et al., 2007) . C57BL/6J mice received intra-mPFC ChR2-mCherry-or mCherryexpressing vectors and guide cannula. Mice were subsequently placed in the center of the plus maze and allowed to freely explore the maze for 5 min under red-lighting conditions, while laser deliveries of blue light were directed into the mPFC in a "burst-like" manner. The position of each mouse over time in the open and closed arms was monitored with videotracking equipment (Ethovision) and a ceiling-mounted camera.
Herpes simplex virus viral vectors
Herpes simplex virus (HSV) vectors driven by the IE4/5 promoter expressing ChR2 fused to mCherry [HSV-ChR2-mCherry, in HSVPrpUC, using the ChR2-mCherry DNA construct (Airan et al., 2009) , or mCherry alone (in p1005/mCherry)], were prepared as described previously (Neve et al., 2005; Lobo et al., 2010) . Since HSV expression is maximal on days 3-4 postinfection, all ChR2 blue light stimulation was performed on day 4.
Optical fiber
To control in vivo patterns of neuronal firing, a 200 m (external size) optic fiber (Thor Labs) was custom modified for attachment to the cannula. When securing the optic fiber before in vivo laser presentations, the fiber was stripped down to the 100 m core, so that when lowered through the guide cannula it became flush with the length of the guide, fixed at the dorsal edge of the prefrontal cortex (prelimbic region). This secure connection to the cannula is a slightly modified version from that used in previous studies (Gradinaru et al., 2007; Airan et al., 2009) . Optical fibers were lowered and secured to each cannula head-mount assembly only during stimulation trials.
Blue light stimulation
Optical stimulations were performed similar to previously published protocols (Gradinaru et al., 2007; Airan et al., 2009) . Optical fibers (Thor Labs) were connected via a FC/PC adaptor to a 473 nm blue laser diode (Crystal Lasers, BCL-473-050-M), and a stimulator (Agilent, #33220A) was used to generate blue light pulses. During all stimulations, 40 ms 100 Hz (9.9 ms spike width) blue light pulses (i.e., bursts) were delivered every 3 s to the mPFC over the duration of each behavioral test, to mimic a burst-like pattern of cortical activity (Yang et al., 1996) . The intensity of the optic fiber light was verified before each use, using a light sensor (Thor Labs, S130A), and light intensity ranged from 1 to 2 mW.
Mouse mPFC tissue collection
Bilateral punches (15 gauge) of the ventral area of the mPFC were obtained from C57BL/6J mice as previously described after 10 continuous days of chronic social defeat stress , or after stimulation by a blue laser, using the same stimulation conditions used for behavioral experiments. Collected tissue was immediately frozen, and stored at Ϫ80°C until processing.
RNA isolation, reverse transcription, and quantitative PCR
Frozen human or mouse tissue was thawed in TriZol (Invitrogen) and processed according to the Invitrogen protocol. RNA was purified using RNeasy Micro columns (Qiagen) and processed as indicated via the Qiagen kit manual. Spectroscopy measurements were used to confirm that RNA had A 260/280 and A 260/230 ratios Ͼ1.8. Total RNA was reverse transcribed using an iScript kit (Bio-Rad) following the instructions provided by the manufacturer. Quantitative PCR (qPCR) was performed using ϳ3.75 ng of cDNA for each reaction plus primers and SYBR Green (Applied Biosystems). PCRs for zif268, arc, and c-fos were performed in triplicate, and quantified using the ⌬⌬Ct method as previously described (Maze et al., 2010) .
c-Fos immunohistochemistry
One hour after optical stimulation mice infected with ChR2-mCherry or mCherry alone were anesthetized and perfused intracardially with 4% paraformaldehyde/PBS. Brains were removed and postfixed by immersion overnight in 4% paraformaldehyde and cryoprotected in 30% sucrose/PBS. Coronal sections (30 m) were cut on a freezing microtome and processed for immunohistochemistry. Sections were preincubated in a blocking buffer containing 0.3% Triton and 3% normal donkey serum. After blocking, sections were incubated with an antibody directed against c-Fos (1:1500, Santa Cruz Biotechnology) in blocking buffer.
After washing, sections were incubated with Cy2-conjugated secondary antibody (1:1600, Jackson Immunoresearch). Subsequently, slides were coverslipped and visualized under a microscope (100ϫ) for capturing images of mCherry (red fluorescence), c-Fos (green fluorescence), or both merged (see Fig. 4 A) .
For double immunolableing of c-Fos with CaMKII (Ca 2ϩ / calmodulin-dependent protein kinase II) or GABA, sections were blocked in 3% normal donkey serum and 0.3% Triton-X in 0.1 M PBS for 1 h. Sections were subsequently incubated overnight in primary antibodies in the above blocking solution using the following antibodies: rabbit anti-c-Fos (1:500, Santa Cruz Biotechnology) and mouse anti-CaMKII (1:200, Millipore Bioscience Research Reagents) or mouse anti-GABA (1:1000, Sigma). The next day, sections were rinsed in 0.1 M PBS and placed into secondary antibodies: donkey anti-rabbit-Cy3 and donkey anti-mouse-Cy2 (1:200, Jackson ImmunoResearch) in 0.1 M PBS for 1 h. Sections were again rinsed in 0.1 M PBS, mounted and coverslipped in DEPEX.
Stereotaxic surgery for viral infections and guide cannula placement for optic fiber
While under a combination of ketamine (100 mg/kg) and xylazine (10 mg/kg) anesthesia, experimental C57BL/6J mice were surgically infused with either viral vector that expresses ChR2 plus mCherry or mCherry alone (Lobo et al., 2010) ; vectors were targeted to the infralimbic and prelimbic regions of prefrontal cortex. Specifically, a Hamilton syringe was fitted with a 33 gauge needle and filled with 1.5 l of virus. From bregma, at the surface of the skull, the needle was lowered unilaterally at a 15°angle into the prefrontal cortex [anteroposterior (AP) ϭ 1.75, mediolateral (ML) ϭ 0.75, dorsoventral (DV) ϭ 2.65], whereupon 0.4 l of virus was delivered over 4 min. After a 5 min delay, the needle was pulled up 0.25 mm and an additional 0.4 l of virus was delivered over 4 additional minutes. After the second infusion, the needle was left in place for 5 min to allow for diffusion. Immediately after the completion of viral infusions, 20 gauge stainless steel guide cannula (2 mm projection from the pedestal; Plastics One) were positioned directly over the viral infusion site (AP ϭ 1.75, ML ϭ 1.75, DV ϭ 1.7, from bregma) above the prefrontal cortex and secured to the skull via Cerebond skull cement. All mice were allowed 3 d to recover from surgery before the start of optical stimulation experiments.
Statistics
Comparisons between depressed (medicated and unmedicated combined) versus control postmortem tissue were initially made for the results of RNA analyses using two tailed t tests. Subsequently, isolated comparisons of RNA results between depressed (medicated or unmedicated) versus control postmortem tissue, between socially defeated (susceptible or unsusceptible) versus control tissue, were made by one-way ANOVAs. Analyses of social interaction, locomotor behavior in an open field, and sucrose preferences in control and susceptible mice expressing either ChR2-mCherry or mCherry during stimulation were analyzed by 2 ϫ 2 ANOVAS (stress ϫ virus). Significant isolated comparisons were determined via Bonferroni post hoc analyses. The comparison of social interaction behavior 24 h after stimulation with the laser was made using a two-tailed t test. Likewise, comparisons of social recognition behavior and elevated plus maze behavior between groups of mice infected with ChR2-mCherry or mCherry were determined using two-tailed t tests.
Experiment 1: IEG expression in depressed human postmortem prefrontal cortical tissue
To assess constitutive functional activity during clinical depression, human brain tissue was obtained by the Dallas Brain Collection (Stan et al., 2006) . Tissue was collected after obtaining consent from the next of kin, along with permission to obtain medical records, and a direct telephone interview with a primary caregiver. For each case, blood toxicology screens were conducted and those subjects with a history of drug abuse, neurological disorders, or head injury were not included (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). Medical records were examined by two psychiatrists who made independent diagnoses, which were followed by a consensus diagnosis according to DSM IV criteria. The collection of human brain tissue was approved by the Institutional Review Board of University of Texas Southwestern Medical Center at Dallas. The tissue cohort consisted of 10 pairs of cases of depression and controls matched for age, brain pH, postmortem interval, and RNA integrity number. Samples of the anterior division of the anterior cingulate cortex (Brodmann area 24) were removed from fresh brain specimens at the level of the rostrum of the anterior cingulate gyrus, the point at which the gyrus curves above and below the corpus callosum. Tissue samples were snap frozen and kept at Ϫ80°C until processing for qPCR analysis of zif268, c-fos and arc mRNA expression. Depressed individuals that were being treated with antidepressants at the time of death were separated from those that were not; however, all subjects were symptomatically depressed at the time of death. Comparisons of each IEG were made between controls, depressed medicated, and depressed unmedicated cases, to reveal potential medication effects.
Experiment 2: IEG expression in the mPFC of mice after chronic social defeat stress
Mice were subjected to chronic (10 d) social defeat stress as previously described . In brief, 96 experimental C57BL/6J mice were exposed to a novel CD1 aggressor for 5 min daily, and then separated from the aggressor behind a protective barrier, which was perforated to allow for sensory contact, for the remainder of the day, over 10 consecutive days. During bouts of physical contact, visible signs of subordination were observed including hallmark stress responses of escape, submissive posturing, and freezing. Non-defeated control mice (n ϭ 40) were housed as two animals per cage under the same conditions as their experimental counterparts, but without the presence of a CD1 mouse. Immediately following the last social defeat episode, all experimental and control mice were housed individually. Twenty-four hours after the last social defeat, all stressed and control mice were assessed for social interaction. The duration (seconds) of social interaction was used as the dependent measure. The distribution of interaction scores after social defeat stress was positively skewed and therefore failed three tests for normality within a Gaussian distribution, i.e., Kolmogorov-Smirnov ( p Ͻ 0.0001), D'Agostino and Pearson ( p Ͻ 0.0001), and Shapiro-Wilks ( p Ͻ 0.0001) (see supplemental Fig. S3 , available at www.jneurosci.org as supplemental material), since the majority of stressed mice displayed severe social avoidance compared with those remaining socially intact, as previously observed . Thus, defeated mice were divided into two groups based on the upper 75th percentile of social interaction scores for all stressed mice (MIN ϭ 1.8 s, MAX ϭ 98.1 s, 75 th percentile ϭ 35.4 s). In the end effect, 72 mice were considered susceptible and 24 mice with interaction scores Ͼ35 s were determined to be unsusceptible . Eight mice from each of the three groups (i.e., control, susceptible, and unsusceptible) were randomly selected for expression analysis of the IEGs, zif268, c-fos and arc, in mPFC tissue collected 24 h after the social interaction test. An additional 36 stressed mice that were considered to be susceptible (Ͻ35 s of social interaction), as well as 32 controls, were used for subsequent assessments on the functional impact of optogenetic cortical stimulation in two behavioral tests that predict antidepressant effects (see Experiment 3 below).
Experiment 3: antidepressant effects of optogenetic stimulation of the mPFC
To assess whether or not optogenetic stimulation of the mPFC reverses social avoidance induced by chronic social defeat stress, susceptible (n ϭ 36) and control (n ϭ 32) mice were surgically prepared within 48 h after the social interaction test with intra-mPFC viral infusion of ChR2-mCherry (or mCherry alone as a control) and cannula placement, to later guide the direction of an optical fiber. Four days after this surgery, 20 avoidant mice (n ϭ 10 ChR2-mCherry, n ϭ 10 mCherry) and 20 corresponding non-stressed controls were again tested for social interaction when patterns of light were delivered via a laser in a burst-like fashion (100 Hz every 3 s). In addition, a separate cohort of 16 susceptible mice (n ϭ 8 ChR2-mCherry, n ϭ 8 mCherry) and 12 control mice (n ϭ 6 ChR2-mCherry, n ϭ 6 mCherry) were surgically prepared as described above and were examined 4 d later for their level of sucrose (1%) preference over a 24 h test, with a burst-like pattern of optogenetic stimulation delivered for 5 min on two separate occasions during their dark (active) phase.
Experiment 4: assessment of social memory and anxiety-like behavior during optogenetic stimulation of the mPFC
Two separate experiments were performed to assess the effect of mPFC optogenetic stimulation on measurements of anxiety-like behavior and social memory. Randomly selected C57BL/6J mice receiving the laser stimulations were tested on the elevated plus maze (n ϭ 6 ChR2-mCherry, n ϭ 6 mCherry), while others (n ϭ 9 Chr2-mCherry, n ϭ 9 mCherry) were examined under the same stimulation conditions during a test for social recognition.
Experiment 5: Validation of optogenetic stimulation of the mPFC via IEG expression
Verification of cellular activation via optogenetic burst stimulation during behavioral assessments were made by collecting tissue from separate groups of mice, expressing ChR2-mCherry or mCherry, that received 5 min of stimulation. An initial cohort of mice (n ϭ 4 ChR2-mCherry, n ϭ 4 mCherry) were killed 1 h after stimulation for analysis of c-Fos protein under the infusion site via immunohistochemistry. The number of cells colabeled for c-Fos and ChR2/mm 2 , or for c-Fos and mCherry/mm 2 , was counted on one brain section for each mouse, where c-Fos was found to be greatest under the stimulation site. In addition, separate groups of mice were optogenetically stimulated and fresh tissue under the stimulation site was collected either 15 min (n ϭ 5 ChR2-mCherry, n ϭ 7 mCherry) or 30 min (n ϭ 7 ChR2-mCherry, n ϭ 7 mCherry) after stimulation. qPCR was used to assess the expression of zif268, c-fos and arc mRNA under the site of stimulation.
Results
IEG expression in prefrontal cortex of depressed humans and socially defeated mice
Individuals with major depression, compared with matched controls (see supplemental Table, available at www.jneurosci.org as supplemental material), displayed reduced levels of zif268 mRNA in anterior cingulate cortex (F (2,21) ϭ 4.9, p ϭ 0.02). This effect was most apparent in subjects who were not on antidepressants at their time of death ( p Ͻ 0.05; Fig. 1 B) ; however, a similar trend was observed in medicated depressed cases who nonetheless remained symptomatic despite treatment (as revealed by a t test when both medicated and unmedicated individuals are collapsed and compared with control; t 20 ϭ 2.23, p ϭ 0.01). A similar pattern was seen for arc mRNA: depressed individuals exhibited reduced levels of arc mRNA compared with controls (F (2,21) ϭ 4.9, p ϭ 0.02), with a significant reduction in unmedicated depressed cases only ( p Ͻ 0.05; Fig. 1C) . A t test did not reveal a significant difference between depressed and controls when both medicated and unmedicated individuals are collapsed; t 20 ϭ 1.8, p ϭ 0.08). No significant differences were observed in expression levels of c-fos mRNA (Fig. 1 D) .
To further characterize cortical abnormalities in depression, we turned to the chronic social defeat stress model. Chronic . Deficits in IEG expression in mouse mPFC after chronic social defeat stress. zif268, arc and c-fos mRNA expression was quantified via qPCR in tissue collected from mice 48 h after chronic (10 d) social defeat stress. Twenty-four hours after stress, mice were tested for social interaction to identify susceptible and unsusceptible subgroups (A, first arrow). Twenty-four hours after the social interaction test, tissue from the ventral region of the mPFC (B) was collected for IEG analyses in defeated and control mice (A, second arrow). C shows social interaction scores for susceptible and unsusceptible mice. zif268 and arc, but not c-fos, were reduced in the mPFC of stressed mice, and arc was significantly increased in unsusceptible mice compared with susceptible mice (D-F ). Significant differences from controls are indicated by *p Ͻ 0.05, or ***p Ͻ 0.001. Significant differences from unsusceptible are indicated by # p Ͻ 0.05.
d) social defeat stress in mice induced a severe decrease in social interaction (F (2,135) ϭ 211.3, p ϭ 0.0001), as found in earlier studies Tsankova et al., 2006) . A subset of mice, however, did not exhibit significant social avoidance and were termed unsusceptible, in contrast to the more vulnerable group termed susceptible (Fig. 2C) . We have demonstrated previously that this susceptible versus unsusceptible distinction, based on social avoidance scores, is highly predictive of several other deleterious consequences of social defeat stress, including sucrose preference . Similar to IEG data obtained from postmortem depressed human tissue, we found that constitutive levels of zif268 mRNA in mPFC were significantly reduced (F (2,23) ϭ 4.9, p ϭ 0.03; Fig. 2 D) in susceptible mice compared with controls ( p Ͻ 0.05), with a nonsignificant trend seen in unsusceptible animals. arc mRNA levels displayed a similar pattern, with reduced levels seen in the mPFC of susceptible mice (F (2,23) ϭ 0.7, p ϭ 0.009; Fig, 2 E) , but clearly no effect in unsusceptible mice. No changes were observed in c-fos mRNA expression levels in either subgroup (Fig. 2 F) . Together, these data are consistent with an overall decrease in neuronal activity in the prefrontal cortex of depressed humans and of susceptible mice after chronic social defeat stress.
Antidepressant-like effect of optogenetic stimulation of mPFC in mice
To address the behavioral consequences of restoring deficits in prefrontal cortical activity caused by chronic social defeat stress in mice, social interaction was measured during laser stimulation of this brain region in socially defeated and control mice that received local infusion of viral vectors expressing ChR2-mCherry, a light-activated cation channel, or mCherry alone in the mPFC (Fig. 3A) . Susceptible mice that received HSV-ChR2-mCherry exhibited fully restored social interaction scores upon laser stimulation to levels observed in nonstressed controls expressing either ChR2-mCherry or mCherry alone (stress F (1,33) ϭ 6.2, p ϭ 0.01; stimulation F (1,33) ϭ 0.8, p ϭ 0.4; interaction F (1,33) ϭ 5.3, p ϭ 0.03). In contrast, susceptible mice expressing mCherry alone remained socially avoidant despite laser stimulation (Fig. 3B, top) . Moreover, when susceptible mice were retested 24 h after the initial test session for social interaction without any further laser stimulation, social interaction behavior in ChR2-mCherry-expressing mice was variable and above that of susceptible mice infected with mCherry, but this difference was not significant (t (8) ϭ 1.5, p ϭ 0.2; Fig. 3B, inset) . Another symptom of clinical depression is a reduced ability to experience pleasure (i.e., anhedonia), which can be measured in chronically stressed rodents by a decrease in their preference for sweet tastes (Keedwell et al., 2005; Krishnan et al., 2007) . Indeed, chronic social defeat stress reduced sucrose preference scores in susceptible mice, an effect not seen in unsusceptible mice, as reported previously . Moreover, ChR2-mediated stimulation of the mPFC of susceptible mice prevented a significant reduction of sucrose preference seen in susceptible mice expressing mCherry alone, as indicated by an interaction between stress and stimulation (F (1,22) ϭ 4.6, p ϭ 0.04; Fig. 3B , bottom). These robust antidepressant-like effects observed during cortical stimulation were not associated with a change in anxiety-like behavior, as reflected by general locomotor activity during an open field test (Fig. 3C) or when mice were analyzed on an elevated plus maze test (Fig. 3D, top) . Furthermore, stimulation of the mPFC did not alter social memory, based on a test for social recognition (Fig. 3D, bottom) .
To validate that optogenetic stimulation of mouse mPFC successfully increased neuronal activity within this brain region, we assessed IEG expression in this brain region (Fig. 4) . We found a robust and significant increase in the number of cells colabeled for c-Fos protein and ChR2-mCherry, but not for c-Fos protein alone, in response to a burst pattern of laser stimulation (t 6 ϭ 7.6, p ϭ 0.0003, data not shown) when compared with laser stimula- Non-defeated control and socially defeated (susceptible) mice received intra-mPFC injections of viral vectors encoding ChR2-mCherry or mCherry alone. The mPFC was then laser-stimulated to mimic a burst pattern of firing during a test for social interaction (SI) or a test for sucrose preference (SP) (A). During stimulation, stressed mice that express ChR2-mCherry display normative levels of social interaction, unlike defeated mice expressing mCherry only (B, top). Despite a trend, this effect is no longer significant 24 h later when susceptible mice were tested again without additional laser stimulation (B, inset). Social stress-induced deficits in sucrose preference are prevented by mPFC stimulation (B, bottom). General locomotor activity in susceptible and control mice was unaffected by mPFC stimulation in mice expressing either ChR2-mCherry or mCherry alone (C). Optogenetic stimulation of mPFC also does not affect anxiety-like behavior as measured in the elevated plus maze (D), or social memory as observed during a social recognition task (D, bottom). Significant differences between bars are indicated by *p Ͻ 0.05.
tion in mice expressing mCherry alone. In addition, we observed that c-Fos expression was robust over a ϳ1 mm area of the mPFC just below the placement of the optical fiber. mRNA levels of c-fos (t 10 ϭ 3.2, p ϭ 0.01), which is not constitutively expressed, were increased in the mPFC within 15 min after laser stimulation in animals injected with HSV-ChR2-mCherry, but not HSVmCherry (Fig. 4A) . Double immunolabeling experiments demonstrated that such c-Fos induction occurred both in excitatory pyramidal neurons (marked by CaMKII) and in GABAergic interneurons (marked by GABA) (Fig. 4B) , consistent with the known ability of HSV vectors to infect all neurons (Neve et al., 2005) . Likewise, in those mice expressing ChR2-mCherry, mRNA levels of both c-fos (t 12 ϭ 2.6, p ϭ 0.03) and zif268 (t 12 ϭ 2.3, p ϭ 0.04) were increased within 15-30 min after laser stimulation (Fig. 4C,D) ; however, arc mRNA levels were not affected at this time point.
Discussion
Adaptations in the prefrontal cortex, as inferred from imaging studies in humans or IEG expression in rodents, have been linked to changes in emotional responses and reward-based decision making (Kuipers et al., 2003; Thomas et al., 2003; Tanis et al., 2008; Banasr and Duman, 2008; Dias-Ferreira et al., 2009; Hains et al., 2009 ). In line with these earlier studies, the current results reveal that, in the human anterior cingulate cortex, zif268 and arc mRNA expression is downregulated in clinically depressed subjects. In parallel, we found that chronic social defeat stress in mice causes decreased levels of zif268 and arc mRNA in the ventral mPFC, one of several regions of prefrontal cortex that show some functional homology with the human anterior cingulate cortex (Vertes, 2006) . These IEG effects predominated in susceptible, but not unsusceptible, animals. These findings further validate this rodent model of depression. The observed deficits in IEG expression, which are markers of neuronal activity, suggest that impaired cortical activity, such as reductions in burst firing patterns in the mPFC (Ono et al., 1984; Baeg et al., 2001) , may contribute to the emergence of emotional disturbances. Indeed, we found that mimicking a burstlike pattern of cortical activity using in vivo optogenetic stimulation induced potent antidepressant-like responses, including restoration of social interaction and sucrose preference, in susceptible mice after chronic social defeat stress. These antidepressant-like effects of optogenetic stimulation did not disrupt other behaviors, such as general locomotor activity, anxiety-like responses, and social memory. The data suggest that activation of the mPFC leads to immediate changes in brain circuits that correct behavioral deficits associated with social defeat. While further work is needed to understand the nature of these circuit-level changes, our findings indicate that experimental treatments, which enhance overall activity selectively in the prefrontal cortex, may be of great therapeutic benefit for mood disorders.
IEG expression in the mPFC and depression
Several points should be highlighted regarding the regulation of IEG expression in the prefrontal cortex of both clinically depressed humans and mice following chronic social defeat stress. First, decreases in cortical zif268 and arc expression in clinically depressed subjects is particularly interesting in light of the persistent cognitive deficits associated with this illness. zif268 and arc are strongly activated in brain areas important for conditioned behaviors, therefore, decreased expression of these genes in prefrontal cortex may reflect deficits in the ability to encode new experiences (Herry and Mons, 2004; Durstewitz et al., 2010; Rapanelli et al., 2010) . Given that optogenetic stimulation increases zif268, but not arc, expression, further demonstrates the complexity of arc transcription, a process that may be context dependent, requiring the orchestration of numerous cellular events, including extracellular signal-regulated kinase, protein kinase A, and protein kinase C signaling (Waltereit et al., 2001; Teber et al., 2004) , which may not be triggered through our stimulation parameters. The lack of augmented arc expression via optogenetic stimulation might contribute to the lack of persistence of a clear antidepressant-like effect in mice tested 24 h after stimulation. Conversely, unsusceptible mice display significantly higher levels of arc expression compared with susceptible mice, again suggesting that this IEG within prefrontal cortical regions may be critically involved in coping with stress. Similarly, restoring constitutive levels of functional activity may be a necessary requirement of antidepressant action in humans. For example, the lack of significant reversal of decreased arc and zif268 expression by antidepressant medication in clinically depressed subjects may aid in explaining why these individuals remained symptomatic, and why direct stimulation of prefrontal cortex has been effective in a large subset of treatment-resistant patients (e.g., Mayberg et al., 2005) . Expression of zif268 in rodent mPFC has recently been positively correlated with social behavior (Stack et al., 2010) . Thus, stress-induced decreases in zif268 expression that we observe in this region may directly contribute to the lack of social interaction observed in our studies. Likewise, the rapid increase in this IEG upon acute optogenetic stimulation may reflect the rapid antidepressant-like effects observed herein. As expected, because c-fos is constitutively expressed at very low levels in adult brain (Dragunow and Faull, 1989 ), we did not observe basal changes in expression of this IEG in clinically depressed prefrontal tissue, or after chronic social stress in mice. However, in line with this IEG's stimulus-dependent pattern of expression, c-fos was rapidly induced in mPFC in response to optogenetic stimulation, further verifying activation of this neural circuit.
Antidepressant-like effects of optogenetic stimulation of the mPFC
The 100 Hz stimulation protocol used in these studies may have been critical for observing antidepressant-like effects following stress. Brain stimulation of Ͼ100 Hz has been reported to be more effective in producing antidepressant-like effects both in clinical studies and in rodent models where sucrose preferences were measured (Mayberg et al., 2005; Hamani et al., 2010a,b) . Although optogenetic stimulation via the aforementioned stimulation conditions in the mPFC is limited to a very small volume of tissue, Deisseroth and colleagues have consistently reported power densities of 1-10 mW/mm 2 being suitable for optogenetic control, and our stimulations were within this range. In addition, a 100 Hz peak in the spiking power spectrum of subthalamic neurons has been reported using ChR2 (Tsai et al., 2009) . While many cells infected with ChR2 may not be directly activated by the blue light at 100 Hz, the entire circuit is likely being influenced by the stimulation, as evidenced by a twofold induction of c-fos expression in grossly dissected mPFC tissue, due to the large number of local connections in the mPFC (Houser et al., 1985; Rétaux et al., 1992) . It will be important in future studies to verify the pattern of neuronal firing induced in mPFC upon optogenetic stimulation, as well as to characterize various stimulation parameters (e.g., frequency, duration, pattern) for their antidepressant potential.
The ventral portion of rodent mPFC contains both infralimbic and prelimbic subdivisions (Groenewegen et al., 1990; Tzschentke and Schmidt, 2000; Vertes, 2006) . Likewise, the mPFC consists of a heterogeneous collection of neurons, including excitatory pyramidal neurons and local GABAergic interneurons (Steketee, 2005) . Our stimulation conditions are likely to be activating much of the ventral portion of the mPFC based on IEG expression patterns. The viral vector used in our study, while neuron-specific, does not distinguish between these neuronal cell types (Neve et al., 2005) . This was confirmed by our double immunolabeling experiments, which showed that both excitatory and inhibitory neurons within the mPFC exhibited c-Fos induction following optogenetic stimulation. Hence, we do not know whether the optogenetic activation of the tissue produces a net increase or decrease in the output of this circuit. While future studies are needed to directly address the role of particular prefrontal cortical cells in antidepressant-like responses, we hypothesize that the optogenetic stimulation of mPFC used here increases the firing of descending projection neurons that target other limbic brain regions as well as subcortical monoaminergic nuclei. This hypothesis is derived, in part, from brain stimulation studies in rat where lesions that deplete serotonin diminish the antidepressant-like effects of mPFC stimulation (Hamani et al., 2010a) .
Conclusions
In summary, this study extends recent clinical findings, which demonstrate that brain stimulation within the prefrontal cortex can be effective for severe treatment-resistant depression (Lozano et al., 2008; Giacobbe et al., 2009; Malone et al., 2009; Bewernick et al., 2010) . We hypothesize that particular prefrontal projections are altered in response to chronic social stress, and that targeting such projections in future optogenetic studies will provide critical insight into their role in the development of depressive-like behaviors. For example, as electrophysiological data discerning specific patterns of normal cortical activity become available, it will become feasible to induce a particular pattern of activity (e.g., via optogenetic activation, direct brain stimulation, or pharmacological manipulation) to eliminate certain behavioral disturbances manifested during the course of clinical depression (e.g., anhedonia, social withdrawal, etc.). Such experiments are now feasible given the recent development of optogenetic tools for activating, or inactivating, specific projection neurons (Gradinaru et al., 2010) . Together, our data suggest that deficits in the functional activity of the prefrontal cortex play a causal role in depression-related behavioral disturbances, helping to resolve arguments concerning the cause-consequence of cortical activity occurring prior, or subsequent, to the onset of depression.
